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1. INTRODUCTION 
In some yeasts, addition of glucose or metabol- 
ically related sugars to cells adapted to a sugar- 
lacking medium causes a time-dependent disap- 
pearance of some enzymes. The proposed physio- 
logical role of this ‘catabolite inactivation’ is the 
regulation of glucose formation, since nearly all of 
the involved enzymes take part in metabolic reac- 
tions that provide the cells with glucose [ 11. In Sac- 
charomyces cerevisiae, the gluconeogenetic 
enzymes fructose- 1,6-bisphosphatase [2], cyto- 
plasmic malate dehydrogenase [3,4], and phos- 
phoenolpyruvate carboxykinase ]51 underly 
catabolite inactivation. Proteolysis has been shown 
to be involved in the inactivation of all of these en- 
zymes [6-91; moreover, the native fructose-1,6-bis- 
phosphatase has been reported to be inter- 
converted to a phosphorylated, less active form 
prior to proteolysis [lo-131. In [14] an abrupt in- 
crease in intracellular CAMP within 2 min after 
glucose addition was seen in S. cerevisiae. Such an 
increase was reduced by precincubation of cells 
with increasing caffeine concentrations: a strong 
correlation between CAMP levels and the extent of 
inactivation could thus be demonstrated for all 3 
enzymes, and a possible involvement of the cyclic 
nucleotide in the degradation process was there- 
fore suggested. Here, catabolite inactivation was 
tested in the two haploid mutants of S. cerevisiae, 
AM3-4B and AM7-1lD [15,16]. The mutant 
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AM3-4B (u ade6 adel0 amp1 cam1 cam2 cam3) is 
adenine auxotrophic (mutations ade6 adel0) and 
able to incorporate 5 ‘-AMP (ampl) and CAMP 
(cam1 cam2 cam3) from the medium; the mutant 
AM7-1lD (a cyrl) has been isolated from the 
previous one, and the mutation cyrl makes it defi- 
cient in adenylate cyclase. In the experiments 
reported here, the extent of catabolite inactivation 
of the 3 enzymes and the glucose-induced peak of 
intracellular CAMP were measured in the mutants 
AM3-4B and AM7-11D. The absence of the inac- 
tivating effect of glucose in the strain defective for 
CAMP synthesis provides evidence for the involve- 
ment of the cyclic nucleotide in the inactivation 
process. 
2. MATERIALS AND METHODS 
Yeast growth media were obtained from Merck 
(Darmstadt). Reagents for enzyme assay were 
from Boehringer (Mannheim). Blue Sepharose 
CL-6B was from Pharmacia (Uppsala). Glass 
beads were purchased from Thomas (Philadelphia, 
PA). Cellulose nitrate filters were from Sar- 
torius-Membranfilter (Gottingen). Spectrophoto- 
metric measurements were carried out in a Gilford 
2400 recording spectrophotometer. A PL Prias li- 
quid scintillation counter and Pica Fluor 30 liquid 
scintillator from Packard (Downers Grove, IL) 
were employed for radioactivity measurements. 
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The haploid mutants of S. cerevisiae, AM3-4B 
and AM7-1 lD, were kindly supplied by Professor 
T. Ishikawa, Institute of Applied Microbiology, 
University of Tokyo. The strain Ml was kindly 
supplied by Professor H. Holzer, University of 
Freiburg. Yeasts were grown to the stationary 
phase for 48 h at 30°C under vigorous shaking. At 
this time, full derepression of the enzymes under 
investigation had occurred. The growth was 
started by inoculating, with 1 ml of a preculture, 
100 ml of the growth medium containing 1% yeast 
extract, 2% universal peptone M66 and 2% 
glucose; for the mutant AM7-1 ID, 0.5 mM CAMP 
was also added. After 48 h growth, cells were col- 
lected by centrifugation, extensively washed with 
distilled water, resuspended to a density of 
20 mg/ml in a medium containing 1% yeast ex- 
tract and 2% universal peptone M66, and in- 
cubated for 1 h at 30°C under shaking. Subse- 
quently, cells were again collected, washed and 
resuspended in 100 mM potassium phosphate buf- 
fer (pH 6.0) to a density of 25 mg/ml. After 
10 min preincubation, incubation was started by 
addition of glucose to a 100 mM final concentra- 
tion, with a decrease in cell density to 20 mg/ml. 
Preincubation and incubation of cell suspensions 
were performed at 30°C under shaking. Samples 
were withdrawn at different times for the required 
determinations. Zero-time samples were with- 
drawn immediately before glucose addition. Pro- 
duction of crude extracts, assay of fructose-1,6- 
bisphosphatase and phosphoenolpyruvate car- 
boxykinase, as well as CAMP determination were 
performed as in [14]. Protein was assayed by the 
Bio-Rad protein assay kit, from Bio-Rad (Rich- 
mond, VA) following the standard procedure. 
Separation of the two isoenzymes of malate dehy- 
drogenase was carried out as follows: suitable 
amounts of Blue Sepharose CLdB preswollen in 
elution buffer (20 mM Tris-HCl, 1 mM EDTA, 
1 mM mercaptoethanol, pH 7.0) were placed in 
Pasteur pipettes to get 0.3-ml bed volumes; ali- 
quots of extracts containing 2.7 mg protein were 
diluted to 1 ml with elution buffer and applied to 
the columns. After washing off non-adsorbed 
material, the cytoplasmic enzyme was eluted with 
10 mM NADH in the same buffer, the mitochon- 
drial one with 1 M KCl. Enzyme activity was 
assayed in 1 ml fractions as reported [4] by 
measuring the rate of NADH oxidation. 
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3. RESULTS AND DISCUSSION 
The effect of glucose on the intracellular CAMP 
content in the yeast mutants under investigation 
was tested (fig.1). Whereas the mutant AM3-4B 
showed the reported rise in the cyclic nucleotide 
[ 14,171, in the adenylate cyclase-defective mutant, 
AM7-1 lD, low and constant levels of CAMP were 
measured throughout the experiment. Such levels 
are probably due to contaminating extracellular 
CAMP present in the growth medium. Extensive 
washing of the cells before glucose incubation, as 
well as 1 h incubation in medium devoid of CAMP 
(see section 2), were unsuccessful in removing such 
contamination. Concurrent with the finding that 
the initial rise in CAMP was limited to AM3-4B, an 
extensive inactivation of fructose-l ,6-bisphospha- 
tase and of phosphoenolpyruvate carboxykinase 
was detected only in this mutant (fig.2). Moreover, 
fructose-l ,6-bisphosphatase lost about 50% of its 
activity within the first minutes of glucose incuba- 
tion, but could be fully reactivated by resuspension 
of the cells in acetate medium with cycloheximide 
(not shown): this pattern of response corresponds 
to the well-known reversible interconversion of the 
enzyme to the less active, phosphorylated form 
[lo-131. On the contrary, in the mutant AM7-llD, 
fructose-l ,6_bisphosphatase was completely unaf- 
fected by incubation with glucose, and phospho- 
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Fig.1. Time course of concentration of CAMP after 
glucose addition in AM3-4B and in AM’I-11D yeast 
mutants. After addition of 100 mM glucose, samples 
were withdrawn at the indicated times and treated for in- 
tracellular CAMP determination: (0) AM3-4B; (m) 
AM7-11D. Controls without glucose addition: (0) 
AM3-4B; (0) AM7-11D. 
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enolpyruvate carboxykinase was only slightly inac- 
tivated within 2 h. 
For malate dehydrogenase, a rather small 
decrease in total activity (lo-20%) was observed in 
both mutants by incubation with glucose (not 
shown). However, two forms of this enzyme exist, 
the cytoplasmic and the mitochondrial one, and 
only the former undergoes catabolite inactivation 
[ 18,191. Therefore, in order to separately check the 
response of each of them to glucose incubation, 
they were separated by means of Blue Sepharose 
CL-6B affinity chromatography (fig.3). In the 
well-characterized yeast strain Ml [20], only the 
peak eluted with 10 mM NADH had disappeared 
after 60 min of incubation (fig.3A): this allowed us 
to clearly identify it as the cytoplasmic enzyme. On 
the contrary, the non-adsorbed activity, as well as 
the peak eluted with 1 M KCI, did not decrease in 
the same time period, and therefore represents 
mitochondrial enzyme. 
It could be thus shown that the cytoplasmic en- 
zyme was extensively inactivated in the mutant 
AM3-4B, whereas its decrease in activity was small 
in AM7-11D (fig.3B; C). The reason why no 
distinct effect of glucose was detectable in AM3-4B 
when testing the total activity, is the presence of a 
largely predominant mitochondrial enzyme, as 
shown in fig.3B. Experiments with the mutant 
AM3-4B were carried out also with yeast cells 
grown with 0.5 mM CAMP; however, this did not 
cause any change in the inactivation pattern. 
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Fig.%. Effect of glucose incubation on fructose-l ,6-b& 
phosphatase (A) and on phosphoenolpyruvate carboxy- 
kinase (B) in AM3-4B and in AM7- 1lD yeast mutants. 
After addition of 100 mM glucose, enzyme specific ac- 
tivities were tested at the indicated times and expressed 
as relative to zero time: (0) AM3-4B; (m) AM7-1lD. 
Controls without glucose addition: (0) AM3-4B; 
(0) AM7-1lD. 
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Fig.3. Effect of glucose incubation on cytoplasmic and 
mitochondrial malate dehydrogenase in the yeast strain 
Ml (A) and in the mutants AM3-4B (B) and AM7-1lD 
(C). After addition of 100 mM glucose, cell samples 
were collected at the indicated times and extracts 
prepared; equal aliquots of extracts (2.7 mg protein) 
were diluted to 1 ml with elution buffer (20 mM 
Tris-HCl, 1 mM EDTA, 1 mM mercaptoethanol, 
pH 7.0) and applied to Blue Sepharose CL-6B columns 
(0.3 ml bed volume). After washing non-adsorbed 
material, cytoplasmic and mitochondrial enzymes were 
eluted with 10 mM NADH and with 1 M KCI, respec- 
tively. Incubation times with glucose: (0) 0 min; 
(A) 60 min; (0) 120 min. 
It may be therefore concluded that the possible 
mediating effect of CAMP involves all gluconeo- 
genetic enzymes underlying catabolite inactivation. 
It was recently shown [17] that hexose phosphates 
exhibit a transient rise preceding the short pulse of 
CAMP; these catabolites were therefore proposed 
to be the mediators of the glucose-induced over- 
shoot of CAMP through adenylate cyclase stimula- 
tion and/or CAMP phosphodiesterase inhibition. 
The cyclic nucleotide should in turn trigger the 
phosphorylation of fructose-l ,6-bisphosphatase as 
shown by in vitro experiments [17,21], via the ac- 
tivation of CAMP-dependent protein kinase. No 
data are yet available on phosphorylation of 
cytoplasmic malate dehydrogenase and phospho- 
enolpyruvate carboxykinase during glucose in- 
cubation. Some preliminary experiments carried 
out in our laboratory with specific antibodies and 
(3ZP)orthophosphate failed however, to detect in- 
corporation of 32P into phosphoenolpyruvate car- 
boxykinase after glucose addition to yeast cells 
(unpublished results). Since an involvement of a 
CAMP-dependent protein kinase is a plausible 
mechanism of the cyclic nucleotide-triggered inac- 
41 
Volume 155, number 1 FEBS LETTERS May 1983 
tivation, work is in progress to elucidate a possible 
role of this kinase for the catabolite inactivation 
other than phosphorylation of the target enzyme. 
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